SUMMARY: A method is described in which identical groups of micro-organisms are viewed first in the light microscope and then in the electron microscope. A direct comparison was made between electron micrographs and preparations stained with specific metachromatic, chromatinic and mitochondria1 stains. In a study of the electron-opaque granules of the mycobacteria it was shown that they contain metaphosphates and show metachromasia. They are situated between the chromatinic bodies and cannot be identified with mitochondria.
There is still considerable controversy concerning the nature of the electronopaque granules which are found in the mycobacteria and other microorganisms. It was realized that more specific information concerning these structures could be obtained by a comparison of identical organisms viewed under different experimental conditions. By mounting the bacteria on electron microscope grids it was possible to photograph groups of organisms in the light microscope and then locate the same groups in the electron microscope. In this way stained preparations and electron micrographs were compared directly, and preparations stained by different procedures were compared among themselves. This method has provided useful evidence concerning the dense bodies of the mycobacteria and has also thrown light on the problem of the bacterial nucleus.
METHODS
The strain of Mycobacterium phlei (Sohngen) used in these experiments was obtained from the National Collection of Type Cultures in 1943 and has been subcultured subsequently a t the Strangeways Laboratory. It is particularly suitable for a study of internal structure owing to its large size, ease of growth and formation of abundant dense bodies under normal cultural conditions. Throughout the present experiments the bacteria were grown on plates consisting of equal parts of glycerol agar and embryo extract.
The comparative microscope methods were carried out with the bacilli mounted on ' formvar ' films covering electron microscope grids. Films strong enough to withstand the various staining processes were formed from a 0.8 yo solution of formvar in ethylene dichloride cast on water. There was a tendency for the formvar films to float off the grids in some of the solutions, but this was prevented by coating the grids with a thin layer of polybutene before picking up the formvar films. When a grid is dipped in a 1.0 yo solution of polybutene in xylene and placed on filter-paper to dry, a thin sticky layer forms over the grid bars without obscuring the holes (Drummond, 1950) . Flat copper grids (Smethurst High-Light Ltd.) were used to give an even field for light microscopy.
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To mount the organisms on a grid a square of the inoculated glycerol agar + embryo extract plate was cut out and placed on a glass slide in a Petri dish. A print was taken on the grid by inverting it, with the formvar film downwards, on the growth of organisms on the surface of the plate; when the grid was removed a proportion of the organisms remained attached to the formvar film. When the plate was rather soft some of the medium also stuck to the grid but was easily removed by gentle washing in distilled water. The organisms were fixed by placing the grid face upwards on several layers of filter-paper soaked in 5.0 % (v/v) formalin for 30 min. Sufficient fixative diffused through the holes in the formvar film. After fixation the grids were washed in distilled water and placed on filter-paper to dry. The organisms could then be viewed in the electron microscope, with or without previous metal shadowing. When the organisms were stained, the grid was treated like a coverslip preparation and carried through the various staining, washing and differentiating solutions. Specific metachromatic, chromatinic and mitochondria1 stains were used.
To make a direct comparison of light-and electron-microscope pictures of identical organisms, the stained grid was mounted in cedar wood oil between a thin slide and coverslip so that the high-power oil-immersion objective of a light microscope could be used. The central four squares of the copper grids were marked and were easily found. Groups of stained organisms lying in these or adjacent squares were photographed on 35 mm. film and enlargements made from the negatives. The grid was then soaked in xylol to remove the cedarwood oil, and after drying was ready for examination in the electron microscope. The central squares were again viewed, and with the help of photographs, already prepared, the same groups of organisms were found with little difficulty and photographed again with the electron microscope. The electron micrographs were taken on a Semen's electron microscope in the Cavendish Laboratory, Cambridge, at a primary magnification of c. x 8000.
A similar procedure was followed when comparing results with two different stains. After being stained for the first time and photographed, the orgtnisms on the grid were decolorized and restained by the second procedure. Again the same group of organisms was easily found and re-photographed.
RESULTS

Metachromatic stains
Bacteria on grids were stained by the standard procedure with Loeffler's methylene blue. In the light microscope a normal 24 hr. culture was seen to consist of groups of rods and long filaments in the stage of filamentous proliferation (Brieger, Cosslett & Glauert, 1954) . The organisms were stained blue and had bright red granular inclusions. These red metachromatic granules varied considerably in size, and some of them had an admixture of blue colour so that they appeared red-purple or black.
In the electron microscope the organisms were seen to contain well-defined electron-opaque bodies which corresponded with the metachromatic granules in number and position. When identical groups of organisms were viewed, first in the light microscope and then in the electron microscope, it was found that the red granules and the electron-opaque bodies occupied exactly the same positions (Pl. 1, fig. l a , b ) . I n the light microscope photograph the red granules have been marked with arrows.
Confirmatory evidence for the metachromatic nature of the dense bodies was given by Neisser's stain for volutin. Again there was a direct correlation between the volutin granules of the stained preparations and the electrondense bodies (Pl. 1, fig. 2a, b) . The granules were not so clearly seen as with methylene-blue staining because of the greater density of the cytoplasmic staining which masked other structures. The granules failed to stain metachromatically with toluidine blue.
May-Grunwald aiad Giemsa stains
I n preparations of the mycobacteria stained with the May-Grunwald stain alone a striking arrangement of red granules was seen within the pale blue rods and filaments. The red bodies could be identified with the electron-opaque granules by a comparison of light and electron-microscope pictures (Pl. 1, fig. 3a, b ) . The vacuolated appearance of the cytoplasm in the electron micrograph is typical of these bacteria a t certain stages of development, and in this organism the effect was enhanced by electron bombardment.
With the complete May-Grunwald and Giemsa stain the red granules were still present in the rods and filaments. In some parts of the preparations they were clearly seen (Pl. 1, fig. 4a ), but in other areas the background staining of the cytoplasm was so intense that the red bodies and other internal structures were barely visible. They could be made more evident by the use of appropriate filters or by allowing the overlying stain to fade. In the electron microscope most of the organisms appeared very dense (Pl. 1, fig. 4 b ) , but they could be made more transparent by electron bombardment. After this treatment the electron-opaque granules were once more apparent, and comparison with the corresponding light-microscope photographs confirmed that they occupied the same positions as the red granules (Pl. 1, fig. Pa, c ) .
Chromatinic stains
The organisms on an electron-microscope grid were stained by the HC1-Giemsa method (Piekarski, 1937; Brieger & Robinow, 1947) , and the familiar picture of rows of irregularly shaped chromatinic bodies was obtained. In the electron microscope the organisms appeared very dense owing to the Giemsa stain, and the electron-opaque granules were either extracted or decreased in density by the hydrolysis procedure. A comparison of light and electron microscope photographs (Pl. 1, fig. 5a , b) indicated some parallel between the chromatinic structures and the denser areas in the electron micrographs, but i t can be assumed that a t least part of the density was due to the deposition of stain a t these sites.
It was noticed that in preparations stained with methylene blue, the blue structures which lay between the red granules resembled the chromatinic bodies of the HC1-Giemsa stain. A direct comparison of identical groups of organisms stained by the two methods showed that the 'blue' structures and the chromatinic bodies were exactly the same in shape and position and that the metachromatic granules were no longer visible in the HC1-Giemsa preparations (Pl. 2, fig. 6a, b) . The granules which had stained red-purple or black with methylene blue were still present after hydrolysis and presumably only the red-staining substance had been removed from them. One of these granules can be seen in P1. 2, fig. 6 a , and is marked with a double arrow.
Mitochondria1 stains
The location of oxidative-reductive sites in the mycobacteria was studied with triphenyltetrazolium chloride (TTC) and Janus Green B. After 24 hr. of growth on the surface of a glycerol agar +embryo extract plate, prints were taken on formvar-covered electron microscope grids in the usual way. These grids were then placed face downwards on several layers of filter-paper soaked in a glucose +phosphate medium containing 0.01 % (w/v) TTC or 0.001 % (w/v) Janus Green B. The preparations were incubated at 37" and grids removed at various times, mounted without fixation in a drop of glucose+ phosphate medium and observed in the light microscope.
After 1* hr. incubation coloured granules were observed in some of the TTC preparations and were presumed to represent deposits of the red formazan formed by reduction of TTC. The colour was faint and the granules could only be observed and photographed with the diaphragm of the condenser stopped down considerably. As with the other stains, identical groups of organisms were viewed in the electron microscope and a comparison was made (Pl. 2, fig. ?'a, b) . I n some of the organisms the reduction sites and the electron-opaque granules occupied the same positions but the stained granules were frequently much larger than the dense bodies. Sometimes the deposits of dye were unaccompanied by any corresponding dense granules. No similar stained granules were observed in the mycobacteria grown in contact with Janus Green B even after several hours of incubation. By careful observation a few small peripheral particles were seen but they did not correspond in number or position to the electron-opaque bodies.
Results of treatment with ribonuclease and deoxyribonuclease
Samples of ribonuclease and deoxyribonuclease (obtained from the Nutritional Biochemical Corporation, Cleveland, Ohio, U.S.A.) were made up as 0.1 % (w/v) solutions in glass-distilled water. The deoxyribonuclease solution was further diluted with an equal volume of 0.15 M-MgSO, before use. Treatment of the organisms on an electron-microscope grid with either ribonuclease or deoxyribonuclease for 1 hr. at 37" failed to remove the electron-opaque granules from most of the organisms (Pl. 2, figs. 8, 9) . Similarly, the metachromatic granules and the red bodies of the May-Griinwald preparations were unaffected. I n one group of organisms the dense granules were differentiated into a darker cortex and lighter core but this was considered to be the effect of electron bombardment and not of the action of ribonuclease. Treatment with ribonuclease followed by deoxyribonuclease also failed to remove the granules.
Treatment with perchloric acid and trichloroacet ic acid
Extraction of the organisms with cold 10% perchloric acid (a 60%, w/w, solution diluted with distilled water) for 24 hr. caused the disappearance of many of the dense bodies from the electron micrographs (PI. 2, fig. lo ), but in a few organisms a resistant cortex of dense material remained. A similar extraction with cold 10% (w/v) trichloroacetic acid also removed the dense bodies (PI. 2, fig. 11 ). There was parallel disappearance of metachromatic and red granules from the stained preparations.
DISCUSSION
Earlier observations on the internal structures of mycobacteria viewed in the electron microscope were summarized by Brieger, et al. (1954) . The location and development of the electron-opaque granules during reproduction were studied, and it was concluded that they were not the nuclei. The results obtained with the method described in the present paper indicate more specifically the nature of the dense bodies. Observations with methylene blue and the Neisser stain identify these electron-dense bodies with the metachromatic volutin granules revealed by these techniques. Similar results were obtained by Winkler (1953) with a bacillus, and by Smith, Wilkinson & Duguid (1954) with Aerobacter aerogenes. It was concluded by these authors that the electron opaqueness and staining characteristics of the dense bodies is due to their content of metaphosphates. A similar interpretation for the dense bodies of the mycobacteria is supported by the work of Winder & Denneny (1954) , who found a direct correlation between the amount of metaphosphate present and the number and size of the metachromatic granules in Mycobacterium smegmatis and in M . tuberculosis. The extraction of the granules by perchloric acid and trichloroacetic acid also supports this interpretation as suggested by Grula & Hartsell (1954) for Caulobacter vibrioides.
Although it seems certain that the most striking properties of the electrondense bodies of the mycobacteria are due to their metaphosphate content they also contain other substances. The quantity of metaphosphate present in the cells is not sufficient to account for the total volume of the dense bodies (Smith, et al. 1954) , and it seems likely that they also contain ribonucleoprotein, organic material and other substances. Winder & Denneny (1954) noted that it was difficult to extract the metaphosphate separately from t,he ribonucleic acid, and suggest that they are bound in a similar manner. However, the fact that the density and staining characteristics of the granules was unaffected by ribonuclease indicates that they did not contain more than small amounts of ribonucleoprotein. When the granules are extracted by acids or volatilized in the electron beam they frequently differentiate into a darker cortex and lighter core, which suggests that a residue of organic material remains.
In one of the earliest interpretations of the electron-dense bodies of the mycobacteria it was suggested that they are nuclei (Knaysi, Hillier & Fabricant, 1950 ; Knaysi, 1951) . However, this interpretation has always seemed doubtful to the present authors because of the behaviour of the dense bodies during reproduction. As noticed by other workers also (Winkler, 1953;  Takeya, Koike, Uchida, Inoue & Nomiyama, 1954), the dense bodies do not appear to be essential for the development of the organisms and groups of cells containing no granules reproduce in the normal way. The results described in the present paper with the HCI-Giemsa stain prove that the chromatinic bodies of the mycobacteria examined are not identical with the dense bodies and lie between them (PI. 2, fig. 6a, b) . A similar result was reported by Tronnier (1953) for Corynebacterium diphtheria.
Observations with mitochondria1 stains show how misleading these procedures can be when applied to bacteria. Some parallel can be drawn between reduction sites and the positions of the electron-opaque granules, but in general the deposits of dye are far larger than the dense bodies (Bielig, Kausche & Haardick, 1952) . The impression is gained that the dense bodies merely act as centres around which the reduced dye is deposited. This interpretation is supported by the fact that in some areas dense bodies are seen with no accompanying stained granules. It was observed by Weibull (1953) that the red formazan resulting from the reduction of triphenyltetrazolium chloride in Bacillus megaterium first appeared as a number of scattered particles and then coalesced to form the familiar granular deposits; it is possible that a similar process occurs in the mycobacteria used here. As long ago as 1951 Wallhausser reported the movement of reduction sites within living cells ; these observations throw grave doubts on the suggestion that the electrondense bodies represent the mitochondria of bacterial cells (Mudd, 1953) .
It was hoped that the application of the May-Grunwald and Giemsa stain to the mycobacteria would provide the same clear differentiation of ribonucleoprotein and deoxyribonucleoprotein as obtained in mammalian cells (Jacobson & Webb, 1952) , in which the ribonucleoprotein stains blue and the deoxyribonucleoprotein red. However, the metachromatic volutin granules of the mycobacteria also stained red with the May-Grunwald stain because of their metaphosphate content (Hartrnan & Payne, 1954) . The fact that the red colour of the granules was not due to their content of deoxyribonucleoprotein was verified by the application of deoxyribonuclease which failed to remove them. The problem of the location of the bacterial nucleus remains to be solved, but the results of this paper show that the electron-opaque granules of the mycobacteria used here are not the nuclei, even though they may be related to the " nuclear apparatus ".
The assistance of Miss M. P. Butler, B.A., and of the staffs of the Strangeways and Cavendish Laboratories is gratefully acknowledged. Fig. 2b . Electron micrograph of the same organism as in Fig. 2a . The volutin granules are dense in the electron microscope ; x 6600. Fig. 3a. 4 hr. growth stained with the May-Griinwald stain. The organisms are blue and contain red granules (arrows). Light microscope ; x 2500. Fig. 3b . Electron micrograph of the same group of organisms as in Fig. 3a. The dense bodies correspond with the red granules of the stained preparation. Electron microscope ;
x 6500. Fig. 4a . 6 hr. growth stained with May-Griinwald and Giemsa stain. A group of branching filaments, stained blue, with red granular inclusions (arrows). Light microscope ; x 3400. Fig. 4b . Electron micrograph of the same group of filaments as in Fig. 4a . The density of the cytoplasm masks the internal structures. Electron microscope ; x 6800. Fig. 4c . Electron micrograph of the same group of filaments as in fig. 4a and b after electron bombardment in the electron microscope. The cytoplasm is more transparent to electrons and the dense bodies are visible. They correspond t o the red granules of the light microscope picture. Electron microscope ; x 6800. fig. 5a . The Giemsa stain makes the cytoplasm very dense. There is some parallel between the chromatinic bodies of the light microscope picture and the denser parts of this electron micrograph. Electron microscope ; x 6500.
PLATE 2
Comparative light-and electron-microscope photographs of impression prints taken on electron microscope grids. fig. 7 a. The filament contains some small electron-opaque granules. There is some correspondence between the positions of these dense granules and the formazan deposits, but the dense bodies are much smaller than the stained granules. Also some of the stained granules have no corresponding dense bodies. Electron microscope; x 7400.
Electron micrographs of Mycobacterium phlei after various extraction procedures.
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